Myosin binding protein-C (MyBP-C) is a multidomain protein that resides in the thick filaments of striated muscle sarcomeres. Separate genes (MYBPC1, MYBPC2, and MYBPC3) encode the three isoforms present in slow skeletal (s-), fast skeletal (f-), and cardiac (c-) muscle, respectively. All these isoforms are thought to function as major regulators of muscle contractility. Evidence for MyBP-C function has arisen largely from studies of cardiac muscle, motivated by the fact that mutations in cMyBP-C are a leading cause of hypertrophic cardiomyopathy. Although sMyBP-C is implicated in muscle disorders such as Duchenne muscular dystrophy and arthrogryposis myopathy, its role in modulating force development and shortening in skeletal muscle has remained unclear due to the lack of studies on this isoform. In all striated muscle types, MyBP-C is localized to the cross-bridge-bearing C-zone ( Fig. 1) , in the center half of each A-band in the sarcomere. However, the reason for this unique placement of MyBP-C is not well understood. In part, this is because of the challenge of resolving mechanisms of the intact lattice of the muscle sarcomere while differentiating between structures, forces, and contractile properties that occur when thin filaments are inside ( Fig. 1 A) versus outside ( Fig. 1 B) the MyBP-Ccontaining C-zone. Interpreting studies of MyBP-C structure and function in muscle are further complicated by its promiscuous interaction with either myosin or actin. In this issue of JGP, Robinett et al. present elegant and striking insights into the functional effects of sMyBP-C in slow-twitch skeletal muscle fibers. Their results suggest that sMyBP-C modifies myosin crossbridge recruitment to force-generating states, contractile kinetics of cross-bridges, and drag forces within the C-zone (Fig. 1) , all of which is further modified by phosphorylation. The basis for these conclusions is a series of mechanical muscle fiber approaches to monitor skeletal muscle force, shortening under load, and thin filament sliding into the C-zone.
Regulation of MyBP-C by protein kinase A phosphorylation in skeletal muscle Robinett et al. (2019) take a major step forward in deciphering the effects of skeletal MyBP-C on slow-and fast-twitch muscle contractile properties. In slow fibers they observe clear regulatory effects of sMyBP-C phosphorylation by PKA. Physiological conditions of stress, such as the fight-or-flight response, increase β-adrenergic signaling and elicit PKA-catalyzed phosphorylation of sMyBP-C and cMyBP-C. No such phosphorylation has been observed in fMyBP-C, presumably due to its lack of PKA target sequences. Slow-twitch skeletal muscle offers a simple system for studying PKA regulation as sMyBP-C is the only sarcomeric protein phosphorylated by this kinase. In heart muscle, the situation is more complicated as the cardiac isoforms of troponin I and titin are phosphorylated by PKA in addition to cMyBP-C.
Measures of contractile properties in Ca 2+ -activated skinned muscle fibers To determine the role that MyBP-C plays in the regulation of skeletal muscle mechanics, Robinett et al. (2019) activated slowand fast-twitch muscles with a range of Ca 2+ concentrations to induce increasing amounts of force. The authors used rat soleus (slow) and psoas (fast) muscles and separated the dissected skeletal muscles into small bundles of fibers. After the cell membrane (sarcolemma) was permeabilized by a detergent ("skinning" procedure), the levels of intracellular Ca 2+ could be precisely controlled by the extracellular buffer. For mechanical measurements of force development, ∼1-mm-long (∼80-µm-wide) sections of single muscle fibers were mounted between a force transducer and motor while in a bath of physiological buffer (relaxing or activating). The authors secured each end of the fiber to the mechanical apparatus by a suture tie-in procedure (Moss, 1979) . This minimizes muscle segment end compliance, distortion of the fiber at segment ends, and slippage from under the suture pin at the muscle ends during Ca 2+ -activated force generation. Thus, the approximate number of sarcomeres generating force in the bath remained constant during repeated activations of muscle force. Increasing Ca 2+ concentrations between 63 nM and 32 µM (i.e., pCa 6.2-4.5) were used in the buffer to activate the muscle to produce increasing amounts of force. Important contractile properties of (a) cross-bridge recruitment, (b) cross-bridge cycling kinetics, and (c) internal drag forces of the sarcomere were then measured.
Transient force overshoot and cross-bridge recruitment in skinned fibers Transient force overshoot measurements resulted in the surprising finding that sMyBP-C facilitates greater cross-bridge recruitment in response to mechanical perturbations than fMyBP-C. Transient force overshoot is a phenomenon that occurs in skinned muscle fibers following a slack-and-restretch maneuver. In the present study, the muscle was placed in a Ca 2+ -activating solution (e.g., pCa 6.0). Next, the muscle was slackened by ∼15% of its length to release all bound cross-bridges and allow force to drop to near zero while the muscle remained in the activating Ca 2+ solution in the bath. After slackening the muscle for a brief 20 ms, the length was rapidly reset to the original length, and force was recorded by the force transducer as cross-bridges rebound and cycled to produce Ca 2+ -activated force. This rate of force redevelopment is known as the k tr . The force following this k tr measurement "transiently overshoots" the original force for a period of time before returning to the original level. It is likely that this overshoot is due to an increase in the cooperative activation process resulting in additional cross-bridges binding during this time period, as opposed to more force generation per cross-bridge. The cooperative activation process includes cross-bridge-induced sensitization of thin filaments, as initial myosin head binding perturbs tropomyosin strand position to favor additional myosin binding (Lehrer and Morris, 1982; Gordon et al., 2000) . Changes in the thick filament structure itself have also been proposed, such that the changes brought about by the binding of one myosin head to actin alter the dynamics of neighboring heads, recruiting them to form additional cross-bridges (Lehrer, 1994; Moss et al., 2004) . Studies of cardiac muscle suggest that both thin and thick filaments transition from OFF to ON states during force generation and that cMyBP-C may play a role in regulating these states (Kampourakis et al., 2014) . These states are consistent with "compliant realignment" of the thick and thin filaments, from less ordered states to more ordered states in the force-generating process. In other words, mechanical compliance of the myofilaments is predicted to lead to additional myosin binding sites on actin being newly aligned and available for additional myosin cross-bridge binding following the initiation of force redevelopment (Campbell, 2006) .
While details of transient force overshoot remain to be firmly established, Robinett et al. (2019) have found a major difference in this property in slow-and fast-twitch fibers. As fast-twitch skeletal muscle is more cooperative than slow-twitch skeletal muscle, i.e., exhibits a steeper force-pCa relationship, it was reasoned that fast fibers would have a greater overshoot than slow fibers (McDonald, 2000) . That slow fibers were observed to have a greater transient overshoot than fast fibers suggests that slow-twitch skeletal muscle actually has a greater capacity for cross-bridge recruitment in response to mechanical perturbations than fast-twitch skeletal muscle. This finding suggests that the transient force overshoot in skinned striated muscle preparations is not entirely due to cooperative processes inherent to the myofilament upon activation. Robinett et al. (2019) revealed that one missing piece to the transient force overshoot puzzle is MyBP-C. In slow fibers, PKA phosphorylation of sMyBP-C induced a doubling of the already high transient overshoot, primarily at low Ca 2+ activation levels (∼25% of maximum force). Phosphorylation of sMyBP-C appears to release a reserve of myosin heads that are normally constrained by unphosphorylated sMyBP-C. Myosin heads can then move in closer proximity to actin, which increases the likelihood of entering into the cycling pool of cross-bridges that generate force. It is expected that phosphorylation of Ser-59 (of the Pro/Ala-rich linker) and Ser-204 (in the M-domain between Ig-like domains C1 and C2) at the sMyBP-C N terminus disrupts the putative interaction with the myosin subfragment-2 (S2) portion of the myosin molecule due to the introduction of negative charge. This idea is consistent with structural and functional effects of PKA-mediated phosphorylation of cMyBP-C observed in cardiac muscle (Levine et al., 2001; Stelzer et al., 2006; Colson et al., 2008; Kensler et al., 2017) . A difference here is that the PKA sites of cMyBP-C all reside in the M-domain, whereas sMyBP-C sites are additionally found in the Pro/Ala linker (Ackermann and Kontrogianni-Konstantopoulos, 2011) . N-terminal cMyBP-C also undergoes a conformational change upon phosphorylation, giving rise to new protein surface contacts that could make or break binding interactions (Colson et al., 2016) . It remains unknown how the structure of N-terminal sMyBP-C is altered upon phosphorylation.
Phosphorylation of sMyBP-C accelerates cross-bridge cycling kinetics Fitting of force redevelopment curves by a double exponential reveals that phosphorylation of sMyBP-C accelerates cross-bridge Figure 1 . Skeletal muscle sarcomere. (A and B) Sarcomere lengths (SL), measured from Z-disc to Z-disc, are shown for the case with the C-zone overlapping with thin filaments (A) and with the C-zone having no thin filament overlap (B). Thick filaments containing myosin are shown as thick green lines and interdigitating thin filaments containing actin are shown as blue lines. Skeletal MyBP-C molecules are shown in sets of seven orange stripes on the thick filaments. Note that only the I-band region increases in length as SL is extended beyond 3.1 µm. In Robinett et al. (2019) , thin filaments are assumed to be ∼1.05 µm in length (Greaser and Pleitner, 2014) .
cycling kinetics. The slack-and-restretch maneuver that elicits the force overshoot includes the preceding rising phase of the force redevelopment. Force is near zero at the onset of the restretch and increases exponentially until developed force recrosses the threshold of the initial force (before the slack). At this onset of the overshoot, a second exponential phase encompasses the transient increase in force. Because the k tr (sec −1 ) rate constant is the sum of both the forward (f app ) and backward (g app ) apparent rates of cross-bridge cycling, an increase in this rate suggests that cross-bridges are cycling faster. However, from this measurement alone, one cannot distinguish between faster attachments versus faster detachments versus changes in both aspects of cycling kinetics. Fast-twitch muscle fibers exhibit faster rates of cross-bridge cycling than slowtwitch fibers at all levels of activation. These differences in rates of force redevelopment are set, in part, by the 2A, 2B, or 2X myosin heavy chain isoform present in the muscle fiber. The relative contributions of fMyBP-C and sMyBP-C to these cycling kinetics remain to be elucidated. In the slow skeletal fibers used by Robinett et al. (2019) , PKA treatment of sMyBP-C caused an increase in k tr at all levels of Ca 2+ -activation and rates of both exponentials (k 1 and k 2 ) were increased. This suggests that phosphorylation of sMyBP-C accelerates the kinetics of cross-bridge cycling. These effects were also reversed by lambda phosphatase treatment to dephosphorylate basally phosphorylated serines of sMyBP-C in slow-twitch fibers. The release of constrained heads by sMyBP-C phosphorylation would be expected to increase the probability of cross-bridge interactions with myosin that is in closer proximity to the binding sites on actin. With cross-bridges in closer proximity to actin in phosphorylated slow fibers, the apparent cooperativity of activation, which is not instantaneous but takes time to occur, is decreased as cross-bridges are "primed" for more immediate force production. Thus, phosphorylation-mediated modulation of cross-bridge cycling kinetics is a common feature of both cMyBP-C and sMyBP-C. For recent studies by this group on phosphorylation in cardiac muscle, see Hanft et al. (2016) and Hanft and McDonald (2009) . Interestingly, cMyBP-C phosphorylation decreased cross-bridge cycling kinetics at submaximal Ca 2+ activations in rat myocardium (Hanft and McDonald, 2009 ), whereas the rates of cross-bridge cycling increased in mouse myocardium following PKA treatment (Stelzer et al., 2006) . The mechanistic details of these divergent speciesspecific effects warrants further investigation. It also remains to be uncovered whether there are posttranslational modifications of fMyBP-C that influence cycling in fast fibers. sMyBP-C exists with numerous alternatively spliced sites , including PKA sites, so future studies will inspect the roles of these splice variants.
Dephosphorylation of sMyBP-C by phosphatase inhibits loaded shortening
Results from experiments performed at varying sarcomere lengths (SL) suggest that dephosphorylated sMyBP-C can interact with the thin filament and act as an internal load capable of opposing myofilament sliding. This interaction is alleviated by PKA phosphorylation of sMyBP-C. The disposition of MyBP-C's N terminus in the striated muscle sarcomere is not yet known. While the C terminus is anchored to the thick filament with submicromolar affinity (<1 µM; Okagaki et al., 1993) , the N terminus extends away to bind myosin S2 and/or actin. These interactions have more moderate affinities (∼10 µM) and binding is reduced upon PKA treatment (Gruen et al., 1999; Shaffer et al., 2009 ). In the case of sMyBP-C interactions with actin, this mechanism would provide a physical link between the thick and thin filaments. In skeletal muscle, the SL can be increased from normal resting lengths of ∼2.4 µm, with full overlap between the thin filament and the MyBP-C-containing C-zone of the thick filament, to sarcomere lengths beyond ∼3.1 µm in which the thick filament no longer overlaps with the C-zone (Fig. 1) . Here, any links between sMyBP-C and actin would be absent. When the muscle is shortened back to below ∼3.1 µm, then sMyBP-C could again interact with actin and reestablish thick-thin filament connections. To investigate this experimentally, Robinett et al. (2019) determined the effects of PKA treatment on slow skeletal fibers under conditions of lightly loaded shortening, starting from SLs in which thin filaments were situated either inside or outside the C-zone. In one protocol, thin filaments were initially positioned outside the C-zone (SL ∼3.15 µm); then, the fiber was activated by Ca 2+ to ∼30-40% maximal force before thin filaments were driven into the C-zone (SL ∼3.06 µm) by force clamps in which the force applied was less than steadystate force for ∼700 ms. The fiber was then slackened to reduce force to near zero to allow for estimation of the relative load sustained during isotonic shortening. Finally, the fiber was reextended to its original length. During this loaded shortening, the change in SL was greater in PKA-treated fibers than basally phosphorylated fibers. This is consistent with less deceleration and faster loaded shortening during force clamps in PKA-treated fibers with phosphorylated sMyBP-C, compared with untreated or phosphatase-treated fibers. The change in SL was smallest in dephosphorylated fibers that also exhibited a prominent "bump" during lightly loaded shortening. This recoil occurred at the same SL ∼3.06 where the thin filaments would be sliding into overlap with the C-zone. It is tempting to conclude that this bump in sarcomere length coincides with establishment of thick−thin filament scaffolding via dephosphorylated sMyBP-C.
In another protocol of the present study, skinned skeletal fiber preparations were lengthened by light loads greater than steady-state force (supra-isometric load clamps), starting with thin filaments either inside or outside the C-zone. For thin filaments starting outside the C-zone (SL >3.08 µm), supra-isometric force clamps exhibited linear lengthening in one phase, whereas fibers starting at SLs within the C-zone (∼3.03 µm) exhibited a biphasic rate of lengthening when exiting the C-zone (∼3.05-3.08 µm). A major advance from this work is the observation of biphasic behavior in the C-zone, sensitive to the level of MyBP-C phosphorylation, in skinned fibers during changes in SL under loaded shortening/lengthening (Robinett et al., 2019) . It should be noted that thin filaments were estimated to be ∼1.05 µm in length, following measurements in fast skeletal muscle (Greaser and Pleitner, 2014) ; however, exact thin filament lengths from slow skeletal muscle were not reported. Conceivably, if slow-twitch thin filaments were slightly longer, e.g., 1.15-1.2 µm, then the possibility remains that the effects on sarcomere shortening could arise due to other myofilament proteins, including titin. Electron micrographs of MyBP-C antibody-labeled sarcomeres revealed the seven to nine stripes on each half of the A-band (Fig. 1 ) in fast skeletal muscle; however, these stripes were not visualized in slow skeletal muscle (Bennett et al., 1986) . While sMyBP-C presumably exists in these same stripes, uncertainty remains in the exact C-zone widths. Electron microscopy studies of soleus muscle using antibodies specific for sMyBP-C may confirm this. Future studies are needed to determine if these links are indeed between sMyBP-C and actin or whether other myofilament proteins are involved. While it appears that these inhibitory effects on shortening are dependent upon thick-thin overlap in the C-zone, it remains to be elucidated whether sMyBP-C effects in the C-zone propagate into the D-zone (region of the A-band outside of the C-zone where MyBP-C is absent) or if effects are completely localized to the C-zone.
New insights in the role of skeletal MyBP-C as a regulator of skeletal contractility The results of the transient overshoot, cycling kinetics, and loaded shortening experiments suggest a model for sMyBP-C whereby unphosphorylated sMyBP-C can interact with both myosin and actin to slow cross-bridge cycling kinetics, dampen force, and inhibit filament shortening. Upon phosphorylation of sMyBP-C, these interactions are alleviated, enhancing the rate and magnitude of force and speeding up filament sliding. This work extends our understanding of the mechanism by which MyBP-C operates in striated muscle and emphasizes remaining mechanistic questions that promise to fuel skeletal MyBP-C research for years to come. Fine tuning of contraction permits precise timing and strength of force development. The marked changes in force, kinetics, and sliding with sMyBP-C phosphorylation, and at variable levels of Ca 2+ activation, speak to the dynamic range of muscle performance. The potential mechanism of sMyBP-C and its phosphorylation warrants testing in skinned and intact skeletal muscle using low angle x-ray diffraction, site-directed spectroscopy, and other structural approaches. Mouse models targeting skeletal MyBP-C and experimental tools for using biophysical, biochemical and physiological methods will be key to this understanding. Additional mechanistic insights like those provided in Robinett et al. (2019) , will pave the way for developing new therapies for contractile dysfunction in muscle disorders. This is evident from work showing that mutations in MYBPC1 result in distal arthrogryposis myopathy (Gurnett et al., 2010; and muscle tremors and that phosphorylation of MYBPC1 is reduced in Duchenne muscular dystrophy (Ackermann et al., 2015) . Mechanistic discoveries in skeletal MyBP-C will additionally provide insight and spark new ideas for studying cardiac MyBP-C. This includes investigations of its role in stretch activation properties in heart muscle, as well as thick-thin filament drag forces on sarcomeric shortening. These drag forces would be expected to increase with dephosphorylated cMyBP-C in end-stage heart failure and decrease with cMyBP-C mutation in hypertrophic cardiomyopathy.
